Abstract. Circadian rhythm has been linked to cancer genesis and development, but the detailed mechanism by which circadian disruption accelerates tumor growth remains unclear. The purpose of this study was to investigate the effect of circadian disruption on tumor growth and metastasis in male C57BL/6 mice, using an experimental chronic jet lag model. Lewis lung carcinoma cells were inoculated into both flanks of the mice following 10 days of exposure to experimental chronic jet lag or control conditions. The effects on tumor growth and lung metastasis were assessed, and the effect on gene expression was detected using cDNA microarrays and real-time quantitative RT-PCR. Tumors grew faster in the experimental chronic jet lag mice compared to the control mice (P=0.004). Lung metastases were found in 10 out of 24 mice in the chronic jet lag group, but only in 3 out of 24 mice in the LD group (P=0.023). Microarray data showed that in both liver and tumors circadian disruption altered the expression of genes, including those related to the cell cycle, apoptosis, the immune response and metastasis suppressor genes. The expression of the NDRG1 gene was suppressed by chronic jet lag. We conclude that circadian disruption can promote tumor progression and metastasis by affecting the expression of both tumor-related genes and metastasis suppressor genes.
Introduction
Most living organisms, from cyanobacteria to plants, insects, and mammals, are capable of displaying spontaneously sustained oscillations with a period close to 24 h, known as 'circadian rhythm'. Studies have found that circadian rhythms are governed by a biological clock. The mammalian circadian clock contains three components: input pathways, a central pacemaker and output pathways. The mammalian central pacemaker is located in the suprachiasmatic nuclei (SCN) of the anterior hypothalamus and controls the activity of the peripheral clocks through the neuroendocrine and autonomic nervous systems (1, 2) . Circadian rhythms govern the rhythmic changes in the behavior and/or physiology of mammals, such as body temperature, blood pressure, hormone production, digestive secretion, neurotransmitter secretion, and even gene expression (1, (3) (4) (5) (6) .
Circadian rhythms have been found to play a very important role in cancer genesis and development. Fu et al showed that mutant mice deficient in the period homolog 2 (Per2) gene, a core circadian-clock gene, had a more marked increase in tumor development after gamma radiation than the wild-type mice (7, 8) . Wood et al showed that mutation of the Per2 gene accelerated ApcMin/ + tumorigenesis in mice (11) . Malignant growth was accelerated by the disruption of circadian coordination that resulted from SCN destruction or experimental chronic jet lag (8) (9) (10) (11) . In contrast, overexpression of Per1, another core circadian gene, in human cancer cell lines can lead to significant growth reduction (12) . Although circadian rhythms have been linked to cancer, the detailed mechanism by which circadian disruption accelerates tumor growth remains unclear.
Therefore, we hypothesized that circadian disruption might disrupt the expression of the clock genes and other tumor-related genes that could lead to a decrease in the level of the antitumor response. This study on Lewis lung carcinoma (LLC) cells investigated the effects of experimental chronic jet lag on growth, lung metastasis, and gene expression, which was detected using the global genomic gene scan.
Materials and methods
Ethics statement. All research involving animal experiments was approved by the Animal Ethics Committee of the Cancer Center, Sun Yat-sen University (approved ID, NSFC30500589). Co., Ltd., Beijing, China) were housed and kept in an autonomous chronobiological facility (Suzhou Anke Purification Equipment Factory, China) equipped with temperature control (23±1˚C). Mice were kept in six compartments, each provided with filtrated air (700 m 3 /h), but with the potential to apply separate lighting regimens (300 Lux). Four mice were housed per cage. The mice were synchronized to a daily light: darkness ratio of 12 h light and 12 h darkness (LD 12:12) for 2 weeks. Food (normal chow, Medical Laboratory Animal Centre of Guangdong, China) and water were supplied ad libitum. The mice were subsequently randomized into two groups: half (n=24) became the experimental chronic jet lag (CJL) group, who were exposed to the jet lag light scheme created by advancing the light onset by 8 h every 48 h; the remainder (n=24) served as the unshifted control group (LD), who stayed in the LD 12:12 conditions ( Fig. 1) (6) .
Animals and synchronization.
Body temperature. Rectal temperature was measured twice during the experiment (after 2 weeks of synchronization and after 10 days of jet lag) using a digital thermometer (Omron™-MC612, Omron Dalian Co., Ltd., China). Rectal temperatures of all of the mice in the LD group were measured at six zeitgeber time (ZT) points (ZT3, 7, 11, 15, 19 , and 23) within 48 h (where ZT12 was lights off). In the CJL group, the rectal temperatures of the mice were measured at the same local time (Beijing time) and corresponding time points were labeled as ZT3x, 7x, 11x, 15x, 19x and 23x (Fig. 1) .
Tumor inoculation and measurement. The LLC cell line was obtained from the Cancer Centre, Sun Yet-sen University and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 U/ml). Ten days after the onset of the experimental CJL, LLC cells (0.2 ml, 5x10 6 /ml) were injected subcutaneously into both flanks of mice. Two perpendicular diameters (mm) of each tumor were measured every 4 days with a caliper. Tumor volume (mm 3 ) was calculated as: tumor volume = (length x width 2 )/2. The body weights of the mice were monitored during the experiment and no statistically significant difference was found between the LD and CJL groups.
Four mice from the LD group were sacrificed at each time point (ZT3, 7, 11, 15, 19 and 23) and the same number of jet lag mice were sacrificed at the corresponding time points (ZT3x, 7x, 11x, 15x, 19x and 23x; Fig. 1 ). The lungs, livers and tumors were aseptically removed. The whole lung was fixed with Bouin's fixative. One part of liver and tumor of the host animals were dissected in RNase-free Hank's medium and immediately placed into storage reagent (RNAlater, Ambion, Inc., Austin, TX, USA) on ice, then stored at -80˚C until RNA extraction. Another part of the liver and the tumor tissue were placed into 10% buffered formalin for 24 h. Hematoxylin and eosin (H&E) stained sections were prepared by standard techniques.
cDNA microarray. The differential display of genes from the liver and tumor samples from two mice in each group at two selected time points (ZT7 and 19, LD group; and ZT7x and 19x, CJL group) was detected using a cDNA gene chip (GeneChip ® Mouse Genome 430A 2.0 Array, Affymetrix, Santa Clara, CA, USA), which is a single array representing ~14,000 well-characterized mouse genes. Total RNA was extracted from the frozen liver and tumor specimens using the RNeasy Mini kit ® (Qiagen, Valencia, CA, USA) following the instructions of the manufacturer. The amount of RNA was measured spectrophotometrically by the absorbance at 260 nm. Extracted RNA purity was assessed by the ratio of the absorbance at 260 and 280 nm (OD 260/280 ). The RNA was stored at -80˚C after preparation.
The GeneChip ® 3' IVT Express kit was used to synthesize first-strand cDNA from total RNA by reverse transcription. This cDNA was then converted into a double-stranded DNA template for transcription. During in vitro transcription, amplified RNA was synthesized and a biotin-conjugated nucleotide was incorporated. The amplified RNA was purified, and then hybridized to the chip. After hybridization, the chip was washed, stained using the GeneChip ® Hybridization, Wash, and Stain Kit (Affymetrix), and scanned on a chip reader (Affymetrix).
Microarray data analysis. Robust multichip analysis (RMA) was performed using the Affymetrix Expression Console software (Affymetrix). Principal component analysis (PCA) and hierarchical clustering analysis were performed with the Partek GS 6.4 software (Partek ® Genomics Suite™, Partek Inc., St. Louis, MO, USA). The differences in gene expression patterns were designated as significantly different if a >2-fold difference was observed between the two groups.
The molecular functions and pathways of the identified genes were analyzed by Ingenuity Pathway Analysis (IPA; Ingenuity 8.5-2803, Ingenuity System Inc., Redwood City, CA, USA) and the Database for Annotation, Visualization and Integrated Discovery (DAVID) v6.7 (13, 14) .
Real-time quantitative RT-PCR. The selected genes identified using the cDNA microarray were quantified by real-time quantitative RT-PCR. Two-step real-time quantitative RT-PCR was performed. Reverse transcription was performed at 42˚C for 60 min using the RevertAid First Strand cDNA Sythesis kit (Fermentas, Burlington, ON). Real-time PCR was performed using the Maxima ® SYBR-Green qPCR Master Mix (2X) kit (Fermentas). The real-time quantitative PCR conditions were: pre-denaturation at 95˚C for 10 min, denaturation at 95˚C for 15 sec, annealing at 60˚C for 35 sec, and extension for 30 sec (40 cycles) followed by a reaction as 95˚C for 15 sec, 60˚C for 30 sec, 95˚C for 15 sec. Primer sequences were as follows: forward 5'-ATGTGCAGCTGATAAAGACTGG-3' and reverse 5'-AGGCCTTGACCTTTTCAGTAAG-3' (m36B4); forward 5'-GTGAAGCAGGTGAAGGCTAATG-3' and reverse 5'-AAGCTTGTAAGGGGTGGTGTAG-3' (mPer2); forward 5'-AAGAGTTGTGAGGCTGGCAC-3' and reverse 5'-GCTCAAACTTCTGGCCTTTG-3' (PTPRC); forward 5'-AGCGGCAGGTTACATTCAAA-3' and reverse 5'-CAA GTTTTGGTGGCACACAG-3' (CD44); forward 5'-GTGAG GATGACAGGACGGTT-3' and reverse 5'-AAAAGGGGAGA GCATCACTG-3' (NDRG1). The specificity of the PCR products was assessed by the melting curve analysis, and by agarose gel electrophoresis, to check for the presence of non-specific products and to confirm that the size of the product corresponded to that of the expected amplicon. The relative levels of each mRNA of the genes of interest were normalized to the corresponding 36B4 RNA levels by the following formula: relative mRNA level = 2 -ΔΔCt . The Ct (cycle threshold) is defined as the number of cycles required for the fluorescent signal to cross the threshold (ie, exceeds background level) (15) .
Statistical analyses. Statistical tests were performed by SPSS 13.0 software (SPSS Inc., Chicago, IL, USA). Body temperature, body weight, tumor volume, and mRNA relative level of selected genes in the text and figures are mean ± standard error of the mean (SEM). Differences between the groups in above variables across the sampling days were analyzed using a two-way analysis of variance (ANOVA) test.
The differences in the number of palpable tumors, metastases in the liver or lungs were analyzed by the χ 2 test. The periods of temperature and mRNA relative levels of selected target genes in both groups were evaluated by the Reverse Elliptic Spectrum algorithm (6, 16, 17) using the software for the Research of Biological Rhythms (Cancer Centre, Sun Yat-sen University). Body temperatures and target genes were also analyzed by cosinor analysis (18) . A P-value <0.05 was considered to indicate statistically significant differences.
Results
Body temperature. Prior to the onset of the experimental CJL, mice in both groups displayed similar circadian rhythms according to the time and the acrophases within the darkness. Ten days after experimental CJL, the mice of the control group continued to have a clear circadian rhythm and the peak time of the body temperature was located at the darkness (period, 24 h, cosinor analysis, P<0.0001). On the other hand, the mice of the CJL group changed to an ultradian rhythm with a period of 10.10 h (cosinor analysis, P<0.0001; Fig. 2 ). No statistically significant difference of the rhythm-adjusted mean (Mesor) level of the body temperature was found between the 2 groups according to the experimental chronic jet-lag (ANOVA, F=0.093, P=0.760).
Tumor growth. Ten days after tumor inoculation, tumors became palpable in 10 out of 24 mice in the LD group (41.6%), and 21 out of 24 mice in the CJL group (87.5%; χ 2 =9.108, P=0.0025). Twenty-two days after tumor inoculation, prior to tissue sampling, the mean tumor volume was 777.45±115.60 mm 3 in the LD group, while 1237.83±163.13 mm 3 in the CJL group of mice. Prior to the animals being sacrificed, the CJL group of mice had larger tumors (two independent-samples t-test, P=0.026). Therefore, the tumors grew faster in the experimental CJL mice than in the LD mice (ANOVA, CJL, P=0.004; Fig. 3 ).
Carcinoma metastasis. All of the samples, including the lung and tumor tissues, were examined pathologically. Metastatic tumor was found on the surface of the lung in one mouse of the LD group, and in four mice of the CJL group. The lung H&E-stained sections showed that 10 out of 24 mice had lung metastases in the CJL group, compared to only three mice with lung metastases in the LD group (χ 2 =5.17, P=0.023).
cDNA microarray of the tumor and liver. The whole genome cDNA microarrays, which had ~14,000 well-identified genes, were used to detect the effects of the circadian disruption caused by experimental CJL on gene expression in the liver and tumor. The microarray data showed that circadian rhythm had an effect on gene expression, not only for the clock genes, but also for many other genes, such as the genes involved in angiogenesis, the cell cycle, DNA repair, and signal transduction. In the livers of the LD mice, the cDNA microarray data showed that the expression of 189 genes was higher at ZT7 (light) compared to ZT19 (darkness), while the expression of 159 genes was lower. In the tumors of the LD mice, the expression of 130 genes was higher at ZT7 (light) compared to ZT19 (darkness), while the expression of 372 genes was lower. Gene expression in both the liver and the tumor were also altered by the experimental CJL. Cluster analysis showed that a total of 130 genes were involved in the circadian disrup- In utero embryonic development HBA-A1, HIF1A, ADM, GJA1 GO:0006935 Chemotaxis CCL3, S100A8, S100A9 GO:0042330 Taxis CCL3, S100A8, S100A9 GO:0022900
Electron transport chain CYBB, SNCA, ERO1L GO:0042060
Wound healing HIF1A, CD44, GJA1 GO:0048534
Hemopoietic or lymphoid organ development HBA-A1, ALAS2, HIF1A, HBB-B1 GO:0015669
Gas transport HBA-A1, HBB-B1 GO:0008219
Cell death GZMD, PDCD6IP, NIACR1, GZMF, GZMG GO:0002520
Immune system development HBA-A1, ALAS2, HIF1A, HBB-B1 GO:0016265 Death GZMD, PDCD6IP, NIACR1, GZMF, GZMG GO:0042981
Regulation of apoptosis HSPA1L, SERINC3, HIF1A, SNCA, NIACR1 GO:0043067
Regulation of programmed cell death HSPA1L, SERINC3, HIF1A, SNCA, NIACR1 GO:0010941
Regulation of cell death HSPA1L, SERINC3, HIF1A, SNCA, NIACR1 GO:0009611
Response to wounding CCL3, HIF1A, CD44, GJA1 tion in the liver (43 genes induced and 87 genes suppressed), and 142 genes were involved in that of the tumor (100 genes induced and 42 genes suppressed; Tables I and II) .
Effects of the experimental chronic jet lag on selected genes expression. The selected gene expression profiles of mPer2, PTPRC, CD44, NDRG1 were detected using the real-time quantitative RT-PCR method. The effects of experimental CJL on mRNA expression of clock gene mPer2 in the mice livers are shown in Fig. 4A and Table III . The animals showed a clear circadian rhythm in the LD group of mice (cosinor analysis, P=0.0009) and the peak time was located at ZT16:57 (14:34-19:28). In the CJL group of mice, CJL markedly altered the circadian expression patterns of mPer2 (Fig. 4A ) from a circadian rhythm to a ultradian rhythm for CJL mice (period, 10.10 h, cosinor analysis, P=0.058). Nevertheless, CJL also clearly altered the 24-h patterns of mPer2 expressions in the tumor tissue. In the tumors of the LD group of mice, the 24-h rhythmic pattern in mPer2 were still observed, and the peak was located at the ZT13:00 (09:20-16:42) (cosinor analysis, P=0.0224) (Fig. 4B) . However, CJL ablated the rhythmic changes in mPer2 expression in the tumor (cosinor analysis, P>0.05) (Fig. 4B, Table III ).
The selected gene expression profiles of PTPRC, CD44, and NDRG1 in the tumor, which were identified by the microarray, were also detected using the real-time quantitative RT-PCR method. Neither the rhythm nor the effect of the CJL was found in mRNA expression of PTPRC and CD44 (Fig. 5, Table IV) . However, the mRNA expression level of NDRG1 in the tumor was suppressed by the experimental CJL even though the result was not statistically significant (P=0.093). The Mesor level of NDRG1 in the LD group of mice was 3.501±3.677 and it was 0.998±0.503 in the CJL group of mice. No circadian rhythm of the NDRG1 expression was found in either group of mice (cosinor analysis, P>0.05) (Fig. 5, Table IV ).
Discussion
The correlation between the disruption of circadian rhythm and the development of cancer has been identified in both rodentmodel and human research studies. These have suggested that circadian rhythm may be an important control point in tumorigenesis and growth. In this study, experimental CJL, produced by an 8-h shift of the light-dark cycle every 2 days, was used to maximally disturb the circadian rhythm of the experimental group. The body temperature of the mice and the clock gene, Regulation of system process SNCA, GJA1, NIACR1 A B mPer2, were used to monitor the effect of the experimental CJL on their circadian rhythms. After 10 days of experimental CJL, the rhythmic profile of the body temperature of the mice was changed from a circadian rhythm to an ultradian rhythm, and the period was shortened from 24 h to 10.10 h. At the mRNA level, CJL also markedly altered the circadian expression patterns of mPer2 in the livers from a circadian rhythm to a suggestive ultradian rhythm. Our results are supported by previous reports which have shown that CJL can disrupt the circadian rhythm, including body temperature, local activity, hematological parameters, and even gene expression and the immune system (6, 9) . Circadian disruption also accelerated the growth of the inoculated LLC in our C57BL/6 mice. This result is consistent with previous reports as circadian disruption has shown the same effect on Glasgow osteosarcoma (GOS) or pancreatic adenocarcinoma (PO3) (9, 10) . The rhythm disorder also increased the rate of cancer metastasis to the lungs, which was 41.67% in mice of the CJL group, but only 12.5% in the LD group (P<0.05).
In order to investigate the possible molecular reasons underlying the acceleration of tumor growth and induction of metastases caused by circadian disruption, the whole genome scan method was used to detect the effect of circadian rhythm and rhythm disruption on gene expression within the liver and tumor. In the liver, a total of 348 genes were clock-controlled genes (gene expression at ZT19 compared to ZT7 was increased in 159 genes and decreased in 189). The total number of clockcontrolled genes was consistent with the studies of Duffield (19) , Panda et al (20) (335 genes) and Ueda et al (21) (393 genes). In the tumor of the LD group of mice, 372 genes were induced at ZT19 compared to the ZT7, while 130 genes were suppressed; therefore, more genes in the tumor (502 genes in total) were clock-controlled genes.
Experimental CJL also altered the gene expression in both the liver and the tumor. The cluster analysis showed that in the liver a total number of 659 genes were involved in the circadian disruption, and in the tumor, 609 genes. Among the genes involved in the liver, 37 were cell cycle genes as categorized by the gene ontology (GO) biological function, 2 genes (Per2 and Dbp) were circadian exercise genes, and 15 genes were immune system process genes (Fig. 6) . Among those involved in the tumor, 4 genes were cell cycle genes, 1 gene (epidermal growth factor receptor, EGFR) was a circadian exercise gene, and 27 genes were immune system process genes (Fig. 7) . Table III . Cosinor analyses of mPer2 genes expression in liver and tumor of C57BL/6 male mice. Table IV . Cosinor analyses of selected genes (PTPRC, CD44 and NDRG1) expression in the tumor of C57BL/6 male mice.
Cosinor analysis In the liver, genes related to the peroxisome proliferatoractivated receptors (PPAR) signaling pathway; the cell cycle and the p53 signaling pathway, including CCNA1, CCNB1, CCNB2, and CYP4A were involved. In the tumor, genes related to the following areas were identified, including the cell cycle (GZMD, PDCD6IP, NIACR1, GZMF and GZMG), apoptosis (HSPA1L, SERINC3, HIF1A, SNCA and NIACR1), (H2-EA, ICAM1, PTPRC, CCR5,  SERPINA3G, CCR2, H2-EB1, TLR1, CXCL9, TGTP1, IGH-6 and RMCS5), the Wnt signaling pathway (HHEX and ZEB2) and the MAPK signaling pathway (PTPRC, ZEB2, IGH-6 and MAPK8). These genes (shown in Tables I and II) have close relationships with tumor growth, so they may constitute the molecular mechanisms underlying the promotion of tumor growth by disruption of circadian rhythm.
Tumor metastasis is an important clinical problem contributing to the majority of cancer-related deaths. One metastasis suppressor gene, N-myc downstream regulated 1 (NDRG1) was found to be supressed in the CJL mice. The Mesor level of the NDRG1 mRNA expression in the tumor was suppressed by the experimental CJL by about 3-fold. NDRG1 has been shown to be involved in p53-mediated apoptosis and to be regulated by the phosphatase and tensin homolog (PTEN) gene. Its expression was shown to be negatively correlated with tumor metastasis. Studies in vitro and in vivo have demonstrated a significant reduction in the metastatic ability of cells that overexpression NDRG1 (22) . This gene also affects cell cycle, apoptosis, and tumorigenesis through interactions with other proteins; the network of NDRG1 in the tumor is shown in Fig. 8 . In this study, the expression of the metastasis suppressor gene, NDRG1, in the tumor was decreased by CJL. This may be one potential explanation for the induction of metastasis by circadian disruption.
In conclusion, jet lag has been shown to change the rhythmic profiles of body temperature, and to have an effect on tumor growth and metastasis. This may be due to the effect of circadian disruption on gene expression, not only of clock genes, but also of tumor-related genes, such as those involved in A B the cell cycle, immunity, and cancer metastasis. It is suggested that circadian disruption can promote tumor progression and metastasis by affecting the expression of both tumor-related and metastasis suppressor genes.
